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The need to aerodynamically remove isolated charged particles 50 to
500 um in size from a bed comprised of numerous smaller 10-15 (xm size
charged particles is identified. To facilitate accurate prediction for
successful particle removal, a new analytical method is presented for
determining the magnitude and location of the aerodynamic drag force
acting on a spherical particle in a boundary layer flow. Wind tunnel
experiments are conducted on spheres of 2 to 2.5 cm diameter in
turbulent boundary layer flow for sphere Reynolds numbers on the order
of 10,000. The experiments measure the drag force on the sphere and the
flow velocity profile at the point of incipient motion of the sphere. The test,
results obtained in the wind tunnel experiment compare favorably to
predictions of the analytical method presented. This method is extended to
analyze the onset of incipient motion for the 50 to 500 |im agglomerate
particles subject to the drag forces induced by a vacuum nozzle and the
adhesion forces caused by electrostatic charge on the particles. The analysis
is modeled in an interactive computer program. The effects of air velocity,
particle size, charge and shape, and the ratio of lift to drag forces on the
threshold of predicted particle removal are determined and discussed.
Additional experiments involving the vacuum nozzle applied to particles in
eight different size classes ranging from 15 to 500 |im are conducted.
Difficulties in controlling the charge level of the particles required that
uncharged particles be tested. Experimental results based on observed
weight percentage removal of the particles for the eight different size
classes compare favorably to removal likelihood as predicted by the
analysis.
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1. INTRODUCTION
1.1 Background
The increasing technical complexity of modern society has resulted in
soaring requirements for current information. A large portion of this
demand is being increasingly satisfied in paper form by electronic printers
and high volume copier-duplicators. The strong competition for presence in
this rapidly expanding market has led to advances in copier speed,
reliability, and improvements in the overall copy quality. Almost all
copier-duplicators and some electronic printers employ the process of
electrophotography to produce copies.
1.2 The Electrophotographic Process
Electrophotography is a process (first conceived by Chester Carlson in
1938) in which the inherent nature of a photoconductive material known
as a photoconductor is exploited to produce a developed image that is easily
transferrable to a suitable receiver substrate, such as paper. The key to the
process is the characteristic of the photoconductor which exhibits
electrically insulative properties in the dark, and conductive properties
when exposed to light. The process of electrophotography can be basically
described as follows (see Fig. 1).
A photoconductor is formed into an endless surface such as a loop of
film or a smooth drum and advanced continuously through a prescribed
path. Along this path are situated five general devices, or subsystems, each
of which has a specific functional interaction with the photoconductor.
The beginning of the process can logically be argued to start with the
charging system. This system applies a uniform layer of charge to the
photoconductor. This uniform layer of charge can be either positive or
negative in polarity, depending on other factors in the process. The
photoconductor leaves the charging system with a uniform layer of charge
on its surface.
The next system in the process exposes the charged photoconductor
with a pattern of light corresponding to the
'original'
document which is to
be copied. As this light pattern encounters the photoconductor, wherever
light intensity in the pattern is high, the
photoconductor is excited, becomes
a conductor and locally dissipates the layer of charge on the surface.
Likewise, when the light intensity of the pattern is low, the photoconductor
is not excited, stays resistive and
maintains the layer of charge on the














FIGURE 1 THE ELECTROPHOTOGRAPHIC CYCLE
exhibits a pattern of charge corresponding to the pattern of light which has
illuminated it. This pattern of charge is referred to as the latent image.
Leaving exposure, then, the photoconductor carries the latent image
forward to interact with the development system. The purpose of the
development system is to administer a supply of charged developing toner
to the latent image. The developing toner, or just toner, is a powderlike
substance comprised of many fine particles that are triboelectrically
charged to a polarity opposite that of the latent image. These particles are
opaque (usually black), polymeric in nature and range in size from about
10 to 20 micrometers. As the statically charged toner powder is
administered to the latent image on the photoconductor by the
development system, electrostatic forces resulting from the polarity
differences between the particles and the latent image act on the toner
particles and cause the toner to be attracted to and remain on the areas of
high charge in the latent image. In the regions of low charge in the latent
image, the electrostatic forces are insufficient to retain the charged toner
and thus these areas remain free of toner as the photoconductor exits the
development system. At this point, the photoconductor carries a visible
pattern of opaque toner, this is called the developed image.
The developed image is subsequently transferred to a suitable receiver
such as paper. The transfer process is typically accomplished by
establishing a uniform
layer of charge on the back of a sheet of paper. The
polarity of the charge
is opposite to that of the toner particles (and the
same as the charge layer originally placed on the photoconductor). The
charged paper is then brought into intimate contact with the developed
image on the photoconductor. The electrostatic field resulting from the
charge layer on the paper is of sufficient magnitude to attract the toner
from the photoconductor and cause it to adhere to the paper as the paper
and the photoconductor are separated.
After the paper and the photoconductor are separated, the transferred
image resides on the paper surface and is still in powder form. The paper
is further processed through a fixing system which causes the transferred
image to permanently adhere to the paper surface. The fixing system
usually involves the application of heat and/or pressure to the paper and
the developed image. After this treatment, the final copy is delivered to
the customer.
The transfer process is never 100% complete and therefore some toner
remains on the photoconductor after transfer. This toner is generally
referred to as a residual image. In order to reuse the photoconductor to
produce another copy, the residual image must first be removed. This task
is accomplished by a cleaning system which typically involves a wiping or
brushing action to remove the residual image from the photoconductor.
After cleaning, the electrophotographic cycle is complete and can be
repeated indefinitely to produce more copies. In high volume copier
machines, this entire cycle can be completed in just a few seconds and
produce as many as 5000 copies per hour or more.
1.3 A Limitation of the Development Subsystem
As consumer demand for copiers with higher speeds, better reliability
and improved image quality increases, shortcomings in some of the
traditional approaches for the main subsystems may become unacceptable.
The problem must then be alleviated by a redesign of the subsystem or by
including additional steps in the electrophotographic cycle to compensate
for such shortcomings.
One such shortcoming has been noticed with development systems.
During some development processes, certain factors can combine to
occasionally generate large agglomerate particles within the developer
powder. These agglomerate particles can range in size from 50 to 500
micrometers or more and result in undesireable artifacts on the copy. Until
the exact causes of these agglomerates are fully understood and properly
addressed, it is prudent to include an additional step in the
electrophotographic cycle to remove these large particles from the
developed image before the transfer process so as to maintain acceptable
image quality levels. Additionally, this removal must occur without
otherwise disturbing the developed image.
To this end, a high velocity air vacuum nozzle has been applied to
interface with the developed image on the photoconductor between
development and transfer (see Fig. 2). Preliminary testing has shown that
a high percentage of the large agglomerate particles can be removed
(without disturbing the developed image) by pulling high velocity air
across the photoconductor via the vacuum nozzle. However, removal
efficiency is generally
around 90-95% and can decrease substantially when
certain operating parameters
are allowed to vary. An illustration showing
the basic geometry and important
operational parameters of the vacuum






















Q - vol. flow rate
h - metering gap
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- orifice width
Upc - photoconductor velocity
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At this point, it is worthwhile to discuss the restrictions imposed on two
key operational parameters of the nozzle by the existing process.
-The volumetric air flow rate of the vacuum nozzle is restricted by
the limited capacity of the vacuum blower in the existing machine (which,
incidently, is already servicing the cleaning system). Lab measurements
reveal airflow rates of 5 to 8 CFM through the nozzle are developed by the
blower for respective metering gaps of .010 to .025 inches. The relationship
between the measured air flow rate and the established metering gap has
been obvserved to be fairly linear.
-The minimum nozzle metering gap is determined by the upper
size range of the aforementioned agglomerate particles generated in the
development system. When agglomerate size exceeds the metering gap, the
agglomerate particle becomes lodged between the body of the nozzle and
the photoconductor and is subsequently smeared onto the photoconductor
causing a permanent mark there. Such an occurence requires replacement
of the photoconductor. The maximum metering gap is of course limited by
the loss of the nozzle's ability to remove the undesired agglomerate
particles from the developed image on the photoconductor by virtue of the
reduction in air velocity at the photoconductor that results from an
increased gap.
In light of the previously described situations, a tradeoff must be made
with respect to setting the metering gap (and thus the flow rate) so as to
minimize the smearing of the
photoconductor as caused by agglomerates
larger than the gap while maximizing the performance of the nozzle in
removing the
agglomerate particles that are undesireably large but smaller
than the metering gap.
1.4 Objectives of the Present Study
The intent of this thesis is to investigate the removal mechanics of these
large agglomerate particles via a high velocity airstream. It is a further
intention to conduct analyses toward evaluating the sensitivity of
successful particle removal to variations in key operational parameters of
the nozzle application. Finally, it is desired to characterize favorable
situations for successful removal of the large agglomerate particles without
disturbing the developed image, and to make appropriate design
recommendations thereby. These goals will be attained by fulfilling the
following specific objectives of the present study:
1. Conduct an extensive literature search on the subject of bed
particle removal by applied fluid dynamic forces
2. Develop a practical and flexible analytical model which can be
applied to a general situation to predict particle removal criteria for a
granular bed subject to a boundary layer flow. Incorporate this model into
an interactive computer program.
3. Conduct experiments to validate the analytical model discussed
above.
These objectives will be pursued within the practical limits of
implementing the stated approach in an existing design and its inherent
restrictions.
10
2. REVIEW OF THE LITERATURE
2.1 General Findings and Definitions
The problem studied in this paper relates to the general topic of
removal of bed particles by applied aerodynamic forces. This subject has
been discussed in a modest number of publications focusing primarily on
the initiation of bed movement by a moving fluid in situations pertaining to
river and canal design with some application toward soil erosion by wind
forces.
To facilitate a worthwhile discussion of the published literature, it is
prudent to first introduce some fundamental definitions relating to the
subject. The onset of bed movement is frequently termed incipient
motion, or critical motion. Referring to Fig. 4, incipient motion is seen to
occur when flow related drag and lift forces acting on a particle create a
moment about a rolling axis sufficient to exceed the restoring moment due
to the particle weight, W. The angle between the reaction force vector of
the rolling axis support and the weight vector is defined as the angle of





FIGURE 4 SCHEMATIC OF AN AGGLOMERATE PARTICLE
In the literature, the drag force magnitude is typically determined by
multiplying the bed shear stress by the projected area of the particle on the
bed. The bed shear stress is either measured directly or calculated from
the local velocity profile in the boundary layer according to equation 2-1.
x = u. du/dy (2-1)
where:
x = bed shear stress
p. = fluid kinematic viscosity
du/dy = slope of velocity profile at bed plane.
The resulting fluid drag force on the bed particle is thus estimated as




This drag force is usually non-dimensionalized by dividing by the
particle weight. Many authors correlate the non-dimensionalized force
required for incipient motion to the particle Reynolds number, although
credit for this approach must go to
Shields1
whose work will be discussed





Re = Particle Reynolds number
U = average velocity past particle
D = characteristic dimension of the particle
v = fluid dynamic viscosity.
The general methods presented in the literature provide a basis for
development of an analytical study for the problem under investigation.
The publications discuss the critical flow conditions required for the onset
of removal of the upper particles from the granular bed. Most articles
concentrate on two particular aspects of the problem. The first one being
the development of a mechanical analysis describing reaction forces with
neighboring particles and developed hydrodynamic forces resulting from
the moving fluid past the particle.
The second aspect is the presentation of
general methods to relate the actual hydrodynamic forces experienced by
the particle in terms of parameters characterizing the flow. In this second
aspect, opinion seems to be divided
as to whether the bed shear stress or
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the boundary layer velocity profile (along with fluid density) is the more
desireable characterizing parameter of the flow for purposes of identifying
the onset of incipient motion of bed particles. Additionally, there seems to
be general agreement (with some dissenting opinion noted) that the
dynamic lift force is of sufficient magnitude relative to the dynamic drag
force to be considered in the analysis for particle removal. Most authors
assume spherical particle shape in their analyses as well as a uniform
particle size for the grains comprising the bed. Generally there is
qualitative agreement among the reported findings but a lack of
quantitative agreement between experimental results and analytical
predictions of the various authors. This trend is acknowledged by the
authors and attributed to three factors: (1) the difficulty in identifying the
onset of incipient motion; (2) the uncertainty as to the magnitude of the lift
force; and (3) the statistically fluctuating nature of fluid velocities past the
particles. It is a claim of this paper that an additional explanation for the
discrepancies is the imprecise nature of the methods used to estimate the
magnitude and location of the fluid drag forces on the particle.
Following is a review of some of the more significant published
works addressing the topic of incipient motion of bed particles exposed to a
moving fluid.
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2.2 Details of Some Important Investigations
In perhaps the most significant published work on incipient bed load
movement,
Shields1
(1936) analyzed the conditions for incipient motion
and concluded that the non-dimensional bed shear stress for the onset of
particle motion depends on the particle Reynolds number. Shields
conducted experiments for particle Reynolds numbers ranging from 2 to
1000 and obtained an empirical relationship between particle Reynolds
number and the critical non-dimensionalized shear stress. Coal, granite
and amber particles ranging in diameter from 0.38 to 5.0 mm were tested
in water. Shields qualitatively justified his findings by emphasizing the
nature of the drag force on the particle as it relates to the size of the
particle relative to the thickness of the laminar sublayer of the flow. He
did not consider lift forces in his discussion. His findings have come to be
referred to as the Shields curve or Shields criteria and have experienced
widespread acceptance in the field. Shields results are illustrated in Fig 5.
They show the relation between the normalized force required for the
particle incipient motion and the particle Reynolds number. The
normalized force is defined as the net fluid force imparted on the particle
by the moving fluid divided by the apparent weight of the particle in the
fluid.
Shield's pioneered the study of the influence of slope, mixture, and grain
shape on incipient motion conditions along with methods for determination
of actual bed load movement rates. Both Shield's analytical results and
experimental methods are used extensively in studies relating to particle




FIGURE 5 Shields Curve for Particle Incipient Motion
White2
(1940) discusses the influence of the particle Reynolds number
on the nature of the drag forces imparted on the particle by the fluid. He
claims that for particle Reynolds numbers below 3.5, (i.e. small particles,
slow fluid velocities) viscous forces dominate and the resultant drag force
tends to be unbalanced with respect to the center of gravity of the particle
due to the tangential influence of a non-uniform flow. For particle
Reynolds number above 3.5 (i.e. large particles, high fluid velocities), the
drag becomes dominated by pressure differences across the particle which
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tend to act normal to the surface of the particle thus causing the resultant
drag force to pass through the center of gravity. He discounts the
importance of lift forces in particle removal, but this is based on the results
of one isolated test and is questionable in light of other published findings.
White developed a static force model for each of the above two cases to
predict the point of incipient motion as a function of bed shear stress. For
each case he conducted tests in specially designed flumes that provided for
particle Reynold numbers ranging from 33 to 128 and 0.04 to 2.1,
respectively. The test media consisted of various size sand particles in
water and air. The particle sizes ranged from 0.12 to 5.6 mm. The mean
bed shear stress at the point of incipient motion was determined by direct
measurement with a force gage and compared to results of a static force
model. Good agreement between model and test data was found in the low
Reynolds number experiment if the resultant drag force was assumed to act
at a distance 0.3 particle diameters above the centroid. For the high
Reynolds number experiment, White's experimental results were
consistently 50% lower than his model predicted. He attributed this to the
velocity fluctuations in the turbulent boundary layer and hypothesized that
incipient motion would occur when the velocity peaks exceeded some
critical value. He supported this claim with results obtained from other
contributors (e.g. Fage3) that show velocity fluctuations in a turbulent
boundary layer can reach roughly twice the mean velocity. With this
consideration, White established qualitative integrity of his approach and
estimated quantitative accuracy of his results at + 25%. Further, he claims
that, other factors being constant, the critical shear stress for incipient
particle motion varies directly with the grain diameter.
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Vanoni (1966) provides an excellent overview and critique of the
published work. He emphasizes the importance of the cohesive nature of
the granular bed structure as well as the statistical nature of the forces
resulting from the boundary flow. In his article, Vanoni endorses the use
of the bed shear stress as a defining parameter for the onset of incipient
motion in lieu of the actual velocity profile of the boundary flow just above
the bed for reasons of applicability to civil channel design and universality.
The parameter of bed shear stress also relates directly to the criteria
established by Shields and cited above. These have since grown in
popularity and are currently widely used in the field. With reference to
quantitative observations by Einstein and El-Samni5, Vanoni also discusses
the importance of considering the lift force induced on the upper particles
in the bed from the non-uniform boundary layer flow above them and
comments on the omission of this force in several pieces of work. Vanoni
does not address the role of the shape of the bed grains and assumes a
generally spherical particle shape in his discussion. A distinction is
emphasized by Vanoni regarding the substantial difference between
cohesive and non-cohesive particles. (Note: our interest is non-cohesive
particles).
In an investigation on the statistical nature of the actual removal forces,
Chen6
(1968) observed that actual particle dislodgement is preceeded by a
rocking motion. Based on his
experiments with 1 inch diameter spheres in
moving air, he delineated
particle removal into two stages. The initial stage
was characterized as a 95% cumulative percent time of contact between a
spherical particle and its supporting bed while the final stage was classified
as particle roll-over. In his experiments, Chen devised a simple method
that allowed the drag and lift forces at each stage to be calculated via a
system of three independent linear equations and experimentally
concluded that the ratio of the lift to drag force ranged from 0.4 to 1.6
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depending on the degree of protrusion of the particle from the bed plane.
All experiments conducted involved a single 1 inch diameter hollow sphere
filled with different fluids to vary the sphere weight. Based on a dynamic
analysis of particle motion during removal, he derived an expression for
the net moment impulse that must be supplied by the fluid in order to
cause the particle to roll over. This was the only dynamic treatment of the
particle removal process found in the literature search. Chen advocated the
use of fluid velocity profiles as an indicative parameter of the fluid driving
moment in preference to the bed shear stress due to the fact that such
information was more readily obtainable.
Chepil (1959) developed an expression for the critical bed shear stress
required for removal of soil grains by movement of wind. In his analysis,
he applies a lift to drag force ratio of 0.85 based on his own experimental
test results. Chepil tested soil aggregates, seived gravel and sand particles
ranging in size from 0.84 mm to 6.4 mm. The moving fluid for all testing
was air and experiments covered a range of particle Reynolds numbers
from 27 to 428. Based on this proposed lift to drag ratio and observed
fluctuation of local pressures, Chepil developed an expression for incipient
particle motion in terms of the mean bed shear stress. He shows good
correlation with his computed values for critical bed shear stress against
experimental results of his own and also those by Zingg8. Chepil recognized
the importance of understanding where the net drag force acts on the
particle and performed an analysis showing, for his conditions, that this
point was 0.29 particle diameters below the top of the protruding grains.
This emphasis by Chepil is an important statement in support of the
approach taken in the study in this paper. His paper also includes a concise
review of pertinent literature. A significant result of his work was the
actual measurement of pressure
perturbations around a particle submersed
in a turbulent boundary layer. His experiments showed that the standard
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deviation of the lift and drag fluctuations on the particle was roughly
one-half the mean value according to a somewhat skewed normal error
law. Further, he found that this ratio was the same for both the lift and
drag forces and was relatively insensitive to the particle diameter. Of all
papers discussed in this review, Chepil's work is the most pertinent work
relating to the present investigation conducted in this study.
Using high speed photography for water flow past a small diameter
sand grain bed,
Grass9
(1970) used a hydrogen bubble generator to
determine the actual fluid velocity profiles above the upper bed particles at
the instant of upper particle dislodgement. His testing involved sand
particles ranging in size from 0.075 to 0.21 mm in moving water that
covered a range of particle Reynolds numbers from 5 to 150. He calculated
the corresponding bed shear stress from the measured profiles and
correlated his findings to established critical bed shear stress parameters.
His findings revealed that the bed shear stress for a laminar sublayer
varied with time having a somewhat skewed distribution with a standard
deviation roughly 0.4 times the mean bed shear stress. This is in
agreement with Chepil's findings. However, Grass found the
non-dimensionalized critical shear stress to be fairly constant for particle
diameters ranging from 0.075 to 0.21 mm which is in contradiction to
White's findings that the critical shear stress is proportional to the particle
diameter. Grass proposed that this anomaly was due to the fact that the
lower range of his particle size was very close to the edge of the laminar
sublayer. As the particle size increased, the upper surface of the particle
protruded through the edge of the sublayer, beyond which the actual shear
experienced by the particle increased proportionately
to its weight. Based
on his findings for this range of particle sizes, Grass proposed an analytical
expression for the Shields curve for particle Reynolds numbers ranging
from 0.2 to 2.0.
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Kalinske10
(1947) presents an extension of White's findings toward an
understanding of the rate of bed material transport for a bed of mixed
particle sizes. By assuming the general particle shape and packing density
to be independent of particle size, Kalinske determines the critical bed
shear stress strictly as a function of the particle diameter. This finding is
extended to predict actual bed load movement in terms of mass per unit
time. Kalinske shows favorable comparison between his predictions and
measured data from other sources except for cases where the bed shear is
higher than critical. In these cases the predicted movement is less than the
measured movement. He attributes this discrepancy to the fact that the
boundary layer is now in a multiphase regime and therefore can exchange
more momentum with the upper particles in the underlying bed.
In an attempt to study the formation of dunes in a bed subject to
oscillatory flow, Carstens et
al.11
(1969) developed an expression for
incipient motion of particles on a flat bed based on particle density, size,
and fluid velocity. In their analysis, Carstens et al. assume that the
magnitude of the lift force is equal to the drag force, the drag force acts
roughly through the center of the particle,
and the critical velocity is
specified as occurring at 0.6 times the particle diameter above the plane of
the bed. In comparing his results to those of Shields, Carstens proposes
analytical expressions for the Shields curve for established regimes of
hydrodynamically rough and smooth boundaries and shows good
qualitative agreement. No expression is presented by Carstens for the
transition region. Further, the deficiency of results for predicting critical
velocities for removal of particles substantially entrained in the boundary
layer due to their assumption that the drag force acts through the center of
the particle is noted. (This is additionally supportive
of the earlier claim in
21
this paper that lack of precision in defining the point of action of the net
drag force can lead to inaccuracies in the prediction of particle incipient
motion.)
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2.3 Discussion of Items Relevant to the Intended
Study
The case of interest in this study involves a layer of small uniform size
particles contaminated with sparsely scattered larger agglomerate particles.
It is desired to remove these larger agglomerates without disturbing the
uniform layer of smaller particles surrounding them. A successful
approach for accomplishing this has been demonstrated by the application
of high velocity air across the entire surface of the uniform small particle
bed. Understanding the removal of the agglomerate particles from the
supporting bed of fine particles by a high velocity air nozzle involves
determining the removal criteria (of the flow) for an agglomerate particle
situated in a bed by applied aerodynamic forces as generally discussed in
the literature just reviewed.
However, several differences exist between this problem and the
situations investigated in the above literature. Previous work considers the
removal of the particles in the upper layer of a thick bed of uniform size
particles. The problem addressed here involves understanding when
removal of relatively isolated, large agglomerates will occur. Thus the large
agglomerates themselves have virtually no affect on the gross flow
properties over the supporting bed of smaller particles. Further, the large
agglomerate particles protrude relatively much higher above the upper
plane of the surrounding bed grains than do the upper particles of the bed
grains. If these large agglomerate particles are substantially entrained in
the boundary layer, the actual location of the
resultant drag force becomes
critical in determining the velocity conditions for particle removal. Thus
one would expect the actual velocity profile to be more suited to predicting
the onset of incipient motion for the
agglomerates than simply the bed
shear stress. Another difference
between the published works and this
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study is that both the small particles and the large agglomerates are
attracted and held to the supporting base by adhesion forces that are
predominantly electrostatic in nature and proportional to the square of the
particle diameter (i.e. surface charge density) whereas in the literature, the
predominant adhesion force is gravity and therefore proportional to the
cube of the particle diameter. The ensuing nature of the relationship
between critical aerodynamic forces for particle removal and the particle
size would therefore be expected to differ somewhat from particles
experiencing only gravitational adhesion forces.
Additionally, due to the stationary nature of the applied nozzle with
respect to the moving developed image, the time of exposure of the
protruding agglomerates to the high velocity flow is of comparatively short
duration (impulse) when compared to the essentially infinite exposure time
common to the cited references. The standard deviation of velocity
fluctuation in the boundary layer experienced by the particles moving past
the nozzle is thus likely to be less than for a steady flow.
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3. DRAG FORCE ON A SPHERE IN BOUNDARY FLOW
3.1 Development of a Theoretical Model for the
Magnitude and Location of the Drag Force
As has been noted in the discussion of the previous section, a deficiency
exists in the approach generally used for calculating the magnitude and
location of the drag force acting on a bed particle in a boundary layer flow.
This deficiency is regarding the uncertainty of the location of the point of
action of the drag force on the particle which can have profound effects on
the effective rolling moment caused by the drag force. In this section, an
improved method for analytically predicting the magnitude and location of
the drag force on a protruding sphere in a fluid boundary layer is
developed. By determining the magnitude and location of the drag force, a
more precise prediction of flow requirements for the threshold of incipient
motion for a given particle is possible. The approach employed to develop
this method involves considering an arbitrary element of the sphere and
obtaining an expression for the fluid drag force on the element. The
expression can then be integrated across the entire surface (either
analytically or numerically) to yield the net drag force on the sphere. The
point of action of the drag force is similarly determined by calculating the
net drag moment on each element (about some reference point), integrating
and then dividing by the net drag force.
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FIGURE 6. Forces on a Spherical Particle in Boundary Layer
Flow
Consider a spherically shaped particle protruding into a boundary flow
as shown in Fig. 6, and in particular, the element dA of the sphere. Note
that the element is a cylinder with a rectangular cross-sectional area








dA - projected elemental frontal area
e - depth that particle protrudes below the bed surface
D - diameter of the large particle
The drag force on a body in flow is generally
given as










c'raS Coefficient (function of the particle Reynolds number)
A - frontal area of body
p
-
density of the fluid
u - velocity of the fluid
To proceed in determining the drag force on the particle, the following
assumptions are made:
-Changes in the velocity profile in the vicinity of the particle are
negligible.
The flow past the particle is single phase with no entrainment of other
agglomerates or fine particles.
The particles are smooth walled spherical particles.
With consideration given to the above assumptions, the drag force
acting on the element presently considered is obtained by substituting







Similarly, the net moment acting on the element about a point at y=0 is
given by
dM = p Cri
u2 [(D/2)2
- (y+e-D/2)2]1/2y dy. (3-4)
drag
r a
Thus, if C is known for the element,
and if the fluid velocity profile is a
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known function of y (or known for discrete values of y for numerical
integration), then the total drag force on the particle can be solved to yield
Fdrag =J dFdrag- (3-5)
Similarly, the total drag moment can be determined as
Mdrag
= J dMdrag' (3-6)
And the point of action of the drag force is obtained directly as
V^Mdrag/Fdrag^dM^/ JdFdrag. (3-7)
Note that in the expression for the drag force on the element, equation
(3-3), the value for the drag coefficient, Cd of the element is required to be
known. For cylinders and spheres in a uniform flow field, the drag
coefficients are known functions of the Particle Reynolds number. An
example of published
values12
for the drag coefficients of cylinders and




FIGURE 7a Drag Coefficients for Cylinders
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R=4P
FIGURE 7b Drag Coefficients for Spheres
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The total drag force on body in a flow field is a function of a closed
surface integration over the entire surface area of the body with respect to
both the viscous friction and pressure forces.
Due to the sensitivity of boundary layer separation to surface contours
of the immersed body, the total drag force is governed by the orientation
of the body in the flow as well as the shape and size of the body. Of course,
for spheres, there is no dependency on orientation.
Drag forces on a body in flow are related to inertial and viscous forces
imparted on the body by the flow. The Reynolds number of the body,
given by equation (2-3) describes a unique, non-dimensional ratio of such
forces. The drag force on a body is thus a unique function of the Reynolds
number of the body as well as the actual size (surface area) of the body.
In order to conveniently determine drag forces on bodies for general
engineering applications, the following method has been widely used. It is
based on an assumption that the drag force experienced by the body is
primarily the result of an exchange of momentum of the moving fluid with
the immersed body. The expression given in equation (3-2) is used to
quantify this momentum exchange.
For a particular body shape and orientation, the drag force on a body in
a uniform flow field is measured for different flow field velocities. For each
measurement, both the Reynolds number and drag coefficient are
determined using equations (2-3) and (3-2). Resulkting plots for the drag
coefficients versus Reynolds number are developed for the body such as
illustrated in Figures 7a and 7b. Subsequent use of these plots requires
calculation of the Reynolds number of the body, determining the drag
coefficient from the generated plot and computing the drag force on the
body using equation (3-2).
Since the drag coefficients are determined experimentally, viscous drag
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is implicitly accounted for, thus the total drag force results from the
calculation.
For the study of interest in this paper, the particle is assumed spherical
in shape. The drag coefficient is thus obtained from the published values
given in Fig. 7b and lumped across all elements of the sphere (i.e. it would
be constant for all elements and therefore pulled out of the integral).
It is possible to find direct solutions to equations (3-5) and (3-6) for
some simple cases, such as for a sphere completely protruding into a
laminar boundary layer and using the lumped Reynolds number approach;
(see appendix III), but generally the solution requires a numerical
treatment. The drag coefficients for either approach can be obtained by
linear interpolation from a stored file of the known drag coefficients as a
function of particle Reynolds number such as those given in Fig. 7a and
7b. Alternatively, they can be directly from proposed expressions for the
spherical drag coefficient such as is proposed by Rivkind and
Ryskin1,5
and





The method presented for calculating the magnitude and location of the
fluid drag force on a particle involves applying
equations (3-1) through
(3-8) to a flow situation involving a
known diameter particle in a
prescribed velocity profile
of a defined fluid. To facilitate application of the
method, a computer
program was created to determine the overall particle
Reynolds number of the sphere and then using
equations (3-3) to (3-8)
numerically integrate
equations (3-5) and (3-6) to yield the magnitude and
location of the drag force. The
program was coded in Cbasic and is listed in
appendix IV.
As is evident in the literature review, drag
forces on bed particles have
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typically been estimated by multiplying the bed shear stress times the
projected area of the particle. The drag moment was then calculated by
assuming that the drag force acts at some arbitrary distance above the
center of the particle. This approach provided only a rough approximation
of the removal moment experienced by the particle and led to the
inconsistent findings among the various authors as well as poor correlation
between their analytical and experimental results. For instance, White's
analysis for particle Reynolds numbers above 3.5 (in which he assumes
that the force acts through the center of the particle) predicted required
bed shear stresses that were roughly twice the observed value for incipient
motion. A considerable fraction of this difference could be explained if the
drag force had acted above the center of the particle. Several authors have
noted the inconsistencies of the reported findings, and have attributed
them to velocity fluctuations in the boundary layer. However, since 1959,
and in particular since the work done by both Grass and Chepil, greater
knowledge has been developed with regard to understanding the
quantitative nature of such velocity fluctuations without resulting in
significantly improved agreement between proposed analyses and
empirical results. To this end, the approach presented here is intended to
provide improved quantitative accuracy in the ability to determine the
driving moment experienced by a particle subject to a boundary layer flow
and hence allow a better prediction of the point of incipient motion for the
particle. Additionally, the presented approach relates directly to the actual
velocity profile in the boundary flow,
and not to the bed shear stress
which is not necessarily a unique flow
characteristic.
In order to proceed, the first order of business is to evaluate the
accuracy of the
proposed method discussed above. An experiment is
conducted in which the magnitude and
location of the drag force acting on a
spherical particle in an airflow boundary layer with known velocity
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distribution are determined. These results are then compared with values
predicted by the above method using a lumped drag coefficient for the
sphere. The results of the experiment are discussed in the next section.
Following that, the approach is extended in a focused attempt to
characterize performance for the desired application and then compared to
the results of experiments using the actual nozzle device.
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3.2 Experimental Verification of the Proposed Method
GENERALDESCRIPTION OF THE TEST
A test was conducted in the RIT wind tunnel laboratory to
experimentally determine the magnitude and location of the net drag force
on a sphere in a boundary layer flow as well as the magnitude of the lift
force. Measurements relating to the lift and drag forces exerted on the
sphere by the boundary layer flow were made at the observed point of
incipient motion of the sphere and then employed in a static analysis of the
roll-over motion of the sphere to determine the point of action of the drag
force. Although a laminar flow situation would have been desirable, it was
not achievable due to the relatively small test chamber size and minimum
velocity limitations of the wind tunnel. Therefore, it was necessary to
establish a turbulent velocity profile over a rough flat plate to develop a
boundary layer sufficiently thick (approximately 3.8 cm) to thoroughly
contain the test spheres (1.98 and 2.48 cm diameter). This also provided
some reasonable resolution for the point of action of the drag force. In
addition, drag force measurements were made for a sphere in uniform free
stream flow. From these free stream measurements the drag coefficient of
the sphere was determined and compared to published values to add
validity to the test method.
The spheres tested were comprised of a hard











FIGURE 8. SCHEMATIC ILLUSTRATION FOR THE TEST APPARATUS
The test apparatus is shown in Fig. 8 . The test chamber itself
measured 56 cm x 56 cm x 75 cm (in the direction of the flow). The tunnel
was capable of producing air velocities from 2.20 m/s (5 mph) to 80.46 m/s
(180 mph). A force gage was mounted above a small access slot on the top
panel of the test chamber. The test sphere was suspended in a pendulum
style from the force gage using a fine #50 polyester thread (as will be
discussed later) a thin steel wire or nylon thread would have been more
desireable. The gage measured the vertical component of the thread
tension at the point of contact with the gage. The output was recorded on a
strip chart recorder.
A rough flat plate measuring 50 cm by 75 cm (in
direction of flow) was mounted horizontally at approximately 1/3 the test
chamber height above the bottom panel of the chamber. This rough plate
was removed from the test chamber for all free stream measurements. A
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control switch for the wind tunnel allowed the velocity to be varied in
increments of
approximately 0.025 m/s. An in-line cooling unit for the
wind tunnel controlled the air temperature at a steady
76
F. All air
velocity measurements were made with a TSI model 1650 hot wire
anemometer.
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PROCEDURE FOR THE FREE STREAMMEASUREMENTS
The free stream measurements were obtained with the flat plate
removed from the test chamber of the wind tunnel. The thread length was
adjusted so that the sphere was located in the middle of the test chamber.
The air velocity was adjusted to discrete values of 4.98, 7.57, 10.29, 12.70,
and 15.60 meters per second, respectively. At each velocity level, the
sphere was photographed and the vertical reaction force for the thread as
measured by the force gage was recorded (see appendix I). The angle
of
declination of the thread at the point of contact with the force gage was
determined by measuring the local rise and run values of the thread.
The
angle of declination of the thread from vertical at the point of contact with
the sphere was determined by magnified examination of the photographs
taken. Careful attention was paid to insure the thread did not contact
the
sides of the access slot in the top panel of the test chamber during
testing.
The free stream air velocity was measured
with the anemometer placed 10
cm upstream of the sphere position. The output of the
anemometer was
steady to within
+ 0.0025 m/s for all measurements taken. The ultimate
horizontal location of the sphere relative to its free hang (zero velocity)
position was measured against scales
placed on both the front and rear side
panels of the test chamber in order to
avoid parallax confusion. The free
stream testing was
conducted for the 2.48 cm diameter sphere only.
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PROCEDI IRE FOR THE BOUNDARY LAYER MEASUREMENTS
The test procedure for measuring the boundary layer flow drag and lift
forces on the sphere was more involved than the free stream test and
involved two general steps.
The first step consisted of carefully placing the sphere on the plate
a prescribed distance of 68 cm behind the lead edge of the plate, adjusting
the air velocity until the onset of incipient motion was observed and then
measuring the velocity profile of the boundary layer. The roughness
features of the plate were very uniform and provided a precise nesting site
for the test sphere with a known angle of repose, y. (see Fig. 9).
TEST SPHERE
ROUGH PLATE
FIGURE 9. SPHERE POSITION FOR THE BOUNDARY LAYER TEST
Having placed the sphere securely
on the plate, the wind tunnel was
started and allowed to stabilize
at minimum velocity. Once stabilized, the
velocity of the
wind tunnel was slowly increased
until the onset of incipient
motion of the sphere was
observed. The onset of incipient motion was
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characterized by a steady rocking of the sphere with subsequent roll-over
after approximately 30 sec of rocking. At the point of incipient motion of
the sphere, the wind tunnel velocity was stabilized and the velocity profile
at the location of the sphere was measured with the hot wire anemometer.
The air temperature was also measured.
The second step involved measuring the vertical reaction force and
string geometry that were associated with the drag and lift forces
experienced by the sphere (and the thread). This information was obtained
in the following manner: After the velocity profile was measured, the test
sphere was suspended from the force gage atop the test chamber with a
fine thread. The thread was adjusted until the suspended sphere was
hovering just above the surface of the rough plate at the same location
where incipient motion was observed. Once the sphere was stabilized in
this position, the sphere was photographed and the vertical reaction force
for the thread as measured by the force gage was recorded (see appendix
I). The angle of declination of the thread at the point of contact with the
force gage was determined by measuring the local rise and run values of
the thread. The angle of declination of the thread from vertical at the point
of contact with the sphere was determined by magnified examination of the
photographs taken. Careful attention was paid to insure the thread did not
contact the sides of the access slot in the top panel of the test chamber
during testing and that the suspended sphere was as close as possible to
the surface of the rough plate without contacting it. In addition, the total
horizontal displacement of the sphere from the force gage was measured.
It is worth noting that the sphere
was quite stable during this phase of the
test and showed minimal buffeting. The boundary layer experiment was
conducted for both the 1.98 cm and the 2.48 cm
diameter test spheres.
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FREE STREAM TRST RESULTS
The Free Stream test results not only help establish validity for the
experimental procedure, but also yield important information regarding the
nature and magnitude of drag forces experienced by the thread. Since no
lift force is experienced by the sphere in a uniform velocity field, the lift
force exerted on the thread by the moving air can be determined directly
from the test data and the results used to estimate the lift forces acting on
the thread in the boundary layer test. Fig. 10 shows all forces acting on










FIGURE 10. SPHERE SITUATION IN THE FREE STREAM TEST
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All free stream testing involved the 2.48 cm diameter sphere weighing
7.8 grams (ie. W = 0.0764 N). For each of the five free stream tests
conducted, the following parameters were measured directly: Rvert, a, Uinf,
Lhoriz- Tne angle P was determined by magnified measurement of the
photographs taken for each test. These photographs are provided in
appendix I. The directly measured values listed above are tabulated in
Table I.
TABLE I




a P Rvert horiz
(m/s) (dee.) (deg) (N) (inches)
4.98 82.9 2.86 0.0776 1.375
7.57 74.5 5.57 0.0753 2.688
10.29 64.7 9.65 0.0706 5.188
12.71 57.4 18.00 0.0659 6.875
15.60 44.2 28.81 0.0606 9.500
Noting that each test involved the same sphere of known weight and
that the sphere experiences no lift force in the free stream, the lift force
imparted on the thread can be determined directly from a force balance in
the vertical direction and expressed as




magnitude of the string lift force and with
knowledge of the angle P, the drag force on the sphere can be calculated as
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follows (refer to Fig. 11)
drag #
FIGURE 1 1 . FORCE BALANCE FOR SPHERE IN FREE STREAM TEST







can be found by considering a vertical force balance on the entire
system up to the point at
which the string meets the sphere. T is thus
given as









(Rvert + Fstring lift) tan(P>- (3-12)
Recall the expression for the drag force on a body in uniform flow given
by equation (3-2) as
Fdrag
= d/2) P Cd A u2. (3-2)
Equation 3-2 can be manipulated to isolate Cd as shown below
Cd
= 2 Fdrag/(P A u2>- (3-13)
Employing the data in Table I in equations (3-10) to (3-13), the drag
coefficient of the sphere for each velocity tested is determined and listed in
Table II. Recall the particle Reynolds number for the sphere is given by
equation (2-3)
Re = uD/v (2-3)
where
u is free stream fluid velocity
D is diameter of the sphere
v is the kinematic viscosity of the moving fluid.
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TABLE TT
EXPERIMENTALDRAG FORCEAND DRAG COEFFICIENTS
Uinf Re^ F.drag Cd Cd
(m/s) (N) (meas.') flisted')
4.98 8480 0.0038 .523 .40
7.57 12893 0.0075 .443 .41
10.29 17522 0.0130 .418 .43
12.71 21632 0.0248 .523 .46
15.60 26564 0.0414 .579 .47
As can be seen, there is some degree of agreement between the test
results for the coefficient of drag and those values published in the
literature (errors range from 1% to 30%). As will be seen later, this is
particularly good agreement for the range of Reynolds numbers which will
prevail for the boundary layer tests to follow. The main source of error can
be primarily attributed to the drag force acting on the string. The drag
force acting on the string can be determined by subtracting the drag force
on the sphere from the horizontal component of the reaction force on the
string at the force gage given by
Rv, = Rvprt/tan(a). (3-14)horiz vert x
So the string drag force is
F =RU . -F, (3-15)
string drag horiz drag
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Table III compares the string drag force calculated from equation
(3-15) to the drag force on the sphere as calculated by equation (3-12).
TABLE III





rm/s> CN ) (N ) (N)
4.98 8480 0.0038 0.0097 0.0059
7.57 12893 0.0075 0.0208 0.0133
10.29 17522 0.0130 0.0333 0.0204
12.71 21632 0.0248 0.0421 0.0173
15.60 26564 0.0414 0.0623 0.0209
Noting, quite generally, that the string drag force is on the same order of
magnitude as the drag force on the sphere, the fact that the test results are
quite sensitive to the string drag is evident. In order to gain a more
accurate knowledge of the string drag force magnitude, the expected drag
force acting on the sphere is calculated using the known free stream
velocities and published sphere drag coefficients in conjunction with
equation 3-2. Having determined the string drag forces for each velocity in
this manner, the drag force on the string can be divided by the total length
of the string in the flow to
better facilitate application of the result into the
boundary layer test results. The results of





STRINGDRAG FORCE USING PUBLISHED DRAG COEFFICIENTS
u.
f
inf Re^ Cd F.drag
F
stringdrag/1
(m/s) (listed-) (N) ( N/in)
4.98 8480 .40 0.0029 0.0005
7.57 12893 .41 0.0069 0.0011
10.29 17522 .43 0.0134 0.0016
12.71 21632 .46 0.0218 0.0017
15.60 26564 .47 0.0336 0.0025
Proceeding, it is a simple matter to determine the magnitude of the lift
force acting on the string by direct application of equation (3-9). In order
to render this information useful in the boundary layer test calculations, it
is first necessary to make some simplifying assumptions.
The first
assumption is, as in the case of the string drag force, the string lift force is
proportional to the length of the string. The second assumption is that the
lift force is also influenced by the angle of declination of the string relative
to the flow past it. For a string positioned perpendicularly to the
flow there
can be no lift force and similarly there can be no lift force
for a string
placed parallel to the flow, thus a simple expression for the string lift force
satisfying these








lift coefficient of the string
F r is the lift force on the string
string lift
L* is the total string length in
the flow
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6 angle from perpendicular of string in the flow
L*
and 0 can be closely approximated for each of the free stream tests
from the measured values for Lhoriz and a and p. Calculations are shown in
appendix I. The string length units were measured in inches and are not
converted to metric units to avoid confusion with the appendix data.
Based on calculated L* and 0 values and F$u[n m given by equation (3-8),
the CL values for the string at various velocities are determined by
equation (3-16) and listed in Table V. The CT and F t . . . values areL string drag/1
plotted against free stream velocity and shown in Fig. 12. As will be seen
shortly, this information will be useful in the calculations associated with
the boundary layer experiments.
TABLE V
STRING LIFT FORCE COEFFICIENTS
Uinf
L* 6 ^L
(m/s) (in.) (des) (N/in.)
4.98 12.48 4.72 -0.0006
7.57 12.40 8.87 0.0003
10.29 12.21 18.47 0.0008
12.71 12.00 25.14 0.0011
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FIGURE 12 String Drag and Lift Coefficients
The free stream experimental results yielded drag coefficients for the
sphere that are in good agreement with the published results, thus adding
confidence to the experimental procedure. Inaccuracies are believed to be
the result of drag forces acting on the thread used to suspend the sphere.
By applying the published drag coefficient values for the sphere, the
magnitude of the drag force on the thread for the free stream test results
was estimated. The lift forces acting on the thread were calculated directly.
Both the lift and drag force (per length) coefficients acting on the thread
are plotted against Uinf for subsequent
application in the boundary layer
experiment.
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BOUNDARY T AYFR TEST REST ITTS
The data collected in the boundary layer experiments was similar to
that collected for the free stream testing except that velocity profile
measurements were taken after the wind tunnel was stabilized at the point
of incipient motion for the sphere on the rough plate. The reduction of the
test data for the boundary layer calculations was different from the free
stream testing due to the fact that a lift force of unknown magnitude acting
on the sphere in the boundary layer flow must be accounted for. Since this
lift force on the sphere is unknown, the lift force imparted by the free
stream flow on the thread is determined from data obtained in the free
stream experiment. This can be subtracted from the vertical reaction force
measured by the force gage in order to determine the lift forces acting on
the sphere in the boundary layer. Fig. 13 shows all forces involved in
the boundary layer test along with important geometric parameters.
FORCEGAGE
FIGURE 13. EXPERIMENTAL APPROACH FOR THE BOUNDARY LAYER TEST
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The boundary layer test was conducted for the two test sphere
diameters, 2.48 cm and 1.98 cm. The flat plate used in the experiment was
fabricated with a specific surface roughness so that a turbulent boundary
layer of sufficient thickness to contain the test spheres could be developed
within the test chamber. This surface roughness for the plate was




e = plate surface roughness in cm
x = distance from lead edge of the plate in cm
8 = boundary layer thickness in cm at x.
For reasonable limits of 75 cm for the chamber length and 3.0 cm for
the desired boundary layer thickness, a surface roughness of 0.315 cm for
the plate is determined. The velocity distribution within the turbulent
boundary layer developed over this plate is given as
u(y)
= uinf(y/6)1/7- <3-18>
Fig. 14 and Fig. 15 show, respectively, the velocity profiles for the
boundary layer at the point of incipient
motion for the 2.48 and 1.98 cm
diameter spheres as measured by the anemometer and predicted by

















































































For the 2.48 cm diameter sphere, the experimental data observed is
listed in Table VI.
TABLE VI

















Note that the values for Fstring lift
and CL in Table VI are obtained
from
Fig. 12 for a free stream velocity of
11.52 m/s. The calculations for 0 and
L*
are given in appendix I. All
other values are determined in the same
manner as was discussed for the
free stream test.
The drag force on the
sphere can be determined by considering a force
balance on the entire system











F = R - F
drag horiz string drag. (3-20)
R
horiz
can be determined directly from the Rvm and a values as
Rvert = Rhoriz/tan(a)- (3-21)
Applying equations (3-20) and (3-21) yields FH = 0.01343 N.
drag
The lift force on the sphere can be determined by considering a force
balance on the entire system in the vertical direction. This yields










is determined from equation (3-16) using the appropriate
values listed in Table VI . Applying equation (3-23), Flift
=
-0.00724 N for
the 2.48 cm diameter sphere.
The result of a negative lift force is surprising, and suggests that either
the string force was overestimated or that the small amount of flow passing
under the sphere was accelerated enough to overcome the lift effect of the
boundary layer (recall the sphere was suspended so as to be positioned as
close as possible to the plate without touching it). For a sphere located
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proximate to but not touching a planar boundary subject to a moving fluid,
a negative lift force, as reported by Chen, was predicted theoretically by
Jeffreys15
and observed experimentally by Apperley16. In all likelihood,
both of these considerations were probably in effect in the experiment. In
any event, the lift force determined with the sphere suspended in this
manner is not accurately representative of the lift force at the point of
observed incipient motion when the sphere was resting on the plate. This
fact compromises the ability to experimentally find the point of action of
the drag force of the boundary layer flow on the sphere.
At this point it would be prudent to summarize exactly what has been
determined thus far by the experiments conducted:
1. The measured drag coefficients for a sphere in free stream flow at
different Reynolds numbers show good agreement with published values.
2. By carefully fabricating a flat plate with a specific admissible surface
roughness, desired boundary layer thickness and velocity profiles were
achieved.
3. The point of incipient motion of spheres in a boundary layer flow of
known velocity profile were accurately
and repeatably determined.
4. The size, weight and angle of repose
for these spheres are known.
5. The magnitude of the fluid drag force acting on these spheres was
measured with reasonable
confidence as justified by the correlation found
for the drag coefficients in free
stream flow.
6. Negative lift forces were
determined to be acting on the sphere
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suspended into the boundary layer flow.
Despite the uncertainty in determining the lift force, good
information regarding the velocity profile for the point of incipient motion
of a precisely supported sphere is known. Additionally, a drag force
measurement of reasonable confidence is found for this point. Such useful
information can still be applied as follows. By applying the model
developed in section 3.1 and coded into the program listed in appendix
IV, the theoretical drag force predicted to act on the sphere in the
boundary layer can be determined and compared to the measured drag
force. The model can also be used to predict the point of action of the drag
force. If good agreement is found between the experimentally determined
drag force and the drag force predicted by the model, then the predicted
drag force and its location can be employed in a static model of the
roll-over motion of the sphere to determine the required lift force. As
discussed in section 2.2, several authors have reported on lift to drag force
ratios for similar situations. By analyzing the moment balance required on
the sphere for roll-over, the required lift force can be determined and the
resulting lift to drag force ratio compared to the findings listed in the
literature search.
The equation for predicting the lift force required for particle roll-over
is now derived. Referring to Fig. 16, note that the sphere will roll





FIGURE 16 FREE BODY DIAGRAM OF INCIPIENTMOTION OF THE SPHERE
As the particle just begins to roll about pt. O, the reaction force of the
plate on the sphere at pt. P is zero and therefore is neglected in the
analysis. The rolling will begin when the resultant clockwise moment
about pt. O on the particle exceeds zero. For incipient motion to occur,
2 Mo = 0 = Flift-Sl Ws1+F -y (3-24)
or equivalently,
F , = W - F. (y*/s,).17
lift drag
^ ' 1' (3-25)
For the flat plate used in testing and for the 2.48
cm diameter sphere,
the values for e and s1
are 0.66 mm and 2.73 mm, respectively. Applying
the test parameters for the 2.48
cm sphere and the theoretical velocity
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profile at the point of incipient motion (given by equation (3-18) and
shown graphically in Fig. 14) to the computer model presented in section
3.1, the predicted drag force on the sphere is found to be Fdra
= 0.01147 N.
This is in reasonable agreement with the measured drag force of 0.01343 N.
Noting further that during force measurements in the boundary layer
experiment, the sphere position was more closely associated with an e
value of zero (refer to Fig. 16), since contact with the plate was avoided.
Applying the model for an e value of 0.00 mm yields Fdra
= 0.01196 N,
slightly closer yet to the experimentally determined values.
These values are in sufficient agreement with the measured Fdra to
continue with calculations for the lift force. The next step is to list the
model's prediction for the point of action of Fdra . For the actual incipient
motion condition (e = 0.66 mm), the model predicts the Fdra to act at
y* = 1.272 cm and thus Flift is calculated from eq (3-25) to be 0.0230 N.
This yields a lift to drag force ratio of 2.01 which is in excess of reported
values ranging between 0.4 and 1.6 by
Chen6
and 0.85 by Chepil7. It is
important to note however, that since the boundary flow was turbulent in
the experiment, velocity fluctuations were omnipresent and incipient




showing that bed shear stress
fluctuations in a turbulent boundary layer
varied according to a somewhat skewed
statistical law with a standard
deviation of one-half the mean velocity. Similarly, Chepil determined that
the drag force varied somewhat normally with a standard deviation
approximately 0.4 times the
mean. The variation in the chart recorded
trace of the force gage output for the experiment showed approximately
+20% mean to peak variation. Since velocity is proportional to the square
root of drag force, the model was applied
for velocity profiles representing
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a 10% peak velocity excess. Subsequent application of eq (3-25) to find the
associated FHft yielded the following results shown in Table VII.
TABLE VII
MODEL CALCULATIONS FOR 10% PEAK VELOCITY EXCESS
% peak velocity excess Fdrag
y*
Fm Flift/Fdrag
( N ) (cm) ( N )
10.0 0.01386 1.272 0.01186 .856
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Thus, applying the model developed in section 3.1 to observed incipient
motion conditions involving a sphere of known size, weight and angle of
repose in a known fluid velocity profile yields reasonable agreement with
the measured drag force acting on the sphere. Further, when the model is
applied to determine the point of action of the drag force, and that result is
employed to calculate the required lift force for incipient motion, a slightly
high, but reasonable ratio for the lift force to drag force magnitude is
obtained. When turbulent velocity fluctuations of 10% as observed in the
experiment are accounted for in the model, a lift force to drag force ratio of
0.856 is obtained. Recall that Chepil measured the lift to drag force ratio to
be 0.85.
Fage3
reported similar studies showing a ratio of unity. Citing
Fage and Chepil, Cartsens et
al.11
employed a value of unity for the ratio in
his analyses.
Vanoni4
stresses that the lift to drag ratio is situationally
dependent but must be considered and Chen reports lift to drag ratios
varying from 0.4 to 1.6 depending on the degree of protrusion of the
particle above the bed plane. The lift to drag ratio resulting from the model
applied to the observed point of incipient motion is well within the
reported range by the noted authors.
As mentioned at the opening of this section, two different size spheres
were tested for incipient motion, but only one (the 2.48 cm diameter
sphere) was tested in the free
stream. We have just discussed the test
results for this 2.48 cm sphere used in both free stream and boundary
layer/incipient motion experiments. For the 1.98 cm diameter sphere, the
experimental data obtained is listed in Table VIII.
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Note that the values for Fstri lift and CL in Table VIII are obtained
from Fig. 12 for a free stream velocity of 13.26 m/s. Note further that
the data used to generate the curves in Fig. 12 was obtained with a 2.48
cm diameter sphere (as was just previously discussed) The calculations for
0 and L* and e are given in appendix I.
From equation (3-25), FHf
= -0.01333 N. Similarly, from equation
(3-20), F, = 0.00541 N. As in the case of the 2.48 cm sphere, a negative
lift force is calculated. However, this time the lift force is substantially
larger in magnitude than the drag force. We expect the measured drag and
lift force results for the 1.98 cm sphere to be less accurate than for the 2.48
cm sphere due to the fact that the string drag and lift force coefficients
used to estimate the string drag and lift forces are based on measurements
taken with a different sphere and a different string. Although the strings
61
used are from the same spool, handling during testing is likely to have
affected the integrity of the strand resulting in differential fraying which
could have a noticeable effect on the drag characteristics of the actual
string. Thus our ability to accurately estimate the lift and drag forces on
the string for the 1.98 cm diameter sphere is compromised. However, we
still have good data for this sphere in terms of a reliable boundary layer
velocity profile for the point of incipient motion of the sphere. Applying
the model to the 1.98 cm sphere for the velocity profile shown in Fig. 15
yields the following results





Note that these values indicate a lift to drag force ratio of 1.06.
Inspection of the force gage output (see appendix I) for the 1.98 cm
sphere test shows variation on the order of 10% mean to peak. Assuming
the velocity variation is on the
order + 5%, the model of section 3.1 yields
F., = 0.0097 N
drag
F,f = 0.00559 N
lift
y* = 1.001 cm.
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These values indicate a lift to drag force ratio of 0.58 which is in general
agreement with the reported findings noted earlier.
The inability to precisely determine the lift and drag forces on the string
prevent conclusive verification of the model developed for the drag force
magnitude and location on a sphere in a boundary layer flow. However,
application of the model for observed incipient motion of the spheres tested
is consistent with the drag force magnitude measured. Further, the location
of the drag force as predicted by the model, when applied to a free body
analysis of particle roll-over results in good agreement with published
information regarding the ratio of the lift force to the drag force on the
sphere in boundary layer flow. These findings establish reasonable
confidence in the model to extend the theory to an applied vacuum nozzle
for particle removal from a planar surface. This is addressed in the next
section of this paper.
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4. EXTENSION OF THE DEVELOPED THEORY TO AN
APPLIED NOZZLE FOR PARTICLE REMOVAL
4.1 Flow Analysis of the Vacuum Nozzle
In order to apply the method developed in section 3.1 to the situation
of interest, it is first necessary to characterize the flow through the nozzle
gap in order to estimate the velocity profile there. The nozzle applied
establishes a flow gap of uniform rectangular cross section as shown in Fig.
3 and below in Fig. 17. The first step in describing the nozzle gap flow is to
determine the Reynolds number of the gap. The well known expression for





For a nominal gap width, h, of 0.381 mm (0.015 in.), the known
volumeteric flow rate is measured to be 0.00236 m3/s (5 CFM) yielding an
average velocity of 8.7 m/s (1710 fpm). Equation (4-1) is used to calculate
R to be 241. This is well below the transition Reynolds number of
gap
J
1400-1600 and thus indicates laminar flow.
Before applying a laminar velocity profile, the nature of the boundary
at the particle bed should first be investigated. Assuming a fully developed
laminar flow velocity profile in the gap (see Fig. 17), with the gap width
and the average flow velocity as listed above, the boundary can be









FIGURE 17 Nozzle Gap Velocity Profile






Taking the boundary roughness to be
the average toner diameter of 10
microns (0.0004"), the boundary Reynolds number is














From equation (4-2), du/dy can be found directly as
du/dy = 6 Uavg [l
-
2y/a] /a (4-7)
Calculating for v* and substituting into equation (4-3) yields a value of
0.97 for the Reb number. When compared to the transition Refe number of 5
to 70, this is indicative of an hydraulically smooth boundary, thus further
supporting the assumption of a laminar flow through the gap.
Applying
Schlichting's17
method for flow into an inlet section of a
channel, the characterizing parameter for the scale of development of the
laminar flow is given as
*F = 100 v x/(a2Uavg) (4-8)
where for nominal nozzle values, x = and a = .0075". Calculating *
yields a value of 14.52 indicating that the flow is well developed within the
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FIGURE 18 Laminar Gap Flow Development
The
.gap
flow shall therefore be modeled as fully developed laminar in
analyzing the particle removal mechanics in the nozzle gap.
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4.2 Analysis of Incipient Motion Criteria for the
Applied Nozzle
Having determined an expression for the flow velocity profile through
the nozzle gap, the magnitude and location of the resulting drag force on an
agglomerate particle in the gap can be determined by the method
developed in section 3.1. The lift force can be determined by selecting a
suitable lift to drag force ratio such as 0.8 and multiplying by the drag
force. This information can then be included in a free body analysis of the
agglomerate particle in order to determine whether or not the flow is
sufficient to remove the particle. The free body analysis begins with
determining the net adhesion and reaction forces acting to constrain the
agglomerate particle on the substrate. Referring to Fig. 19. the net
adhesion force on the particle is a resultant of body type forces and thus
acts through the particle center. It is resisted by (three) reaction forces
occurring at (three) contact points between the particle and the substrate
plane (three contact points are required to completely constrain the
particle in its six degrees of freedom, however only two contact points are
shown in Fig. 18). When the flow drag and lift forces on the particle reach
a critical value, the particle will begin to roll about an axis. The rolling axis
passes through the particle-substrate contact point furthest downstream
(pt. O in Fig. 18) and is perpendicular to the flow. The critical values for
the drag and lift forces are dependent on y*, L', and Fadh. Since
y* is
provided by the drag force analysis in the boundary layer, it is necessary
to determine
L'
and Fadh in order to




FIGURE 19 Force Diagram for Removal of a Charged Particle
Continuing with the development of the free body analysis of the
particle, attention is focused on the effect of the surface roughness of the
particle and its influence on L'. Since the fine particles in the bed are
loosely packed and cohesive in nature, the reaction point of the rolling axis
(pt. O in Fig. 19) is considered related to the surface roughness of the
agglomerate. , A surface roughness factor Rf, is defined as the ratio of the
average size of a protruding lobe on the surface of the particle to the mean
particle diameter. Assuming that the contact geometry between the
particle and the substrate is defined by three lobe contact of the particle
with the surface, then
L'
is defined as the distance between a line normal
to the substrate and passing through the
center of charge (ie. centroid) of
the particle and the rolling axis
of the particle and is given as
L'







is a critical parameter in that it directly influences the moment arm
of the adhesion force and lift force about the rolling axis of the particle.
Having established the local fluid velocity profile in the nozzle gap and
the general contact geometry between the particle and the supporting
substrate, the adhesion force acting on the particle is now addressed. As
mentioned in section 1.3 these agglomerate particles are generated in an
electrophotographic development process and possess a surface charge
density. This surface charge density is fairly constant and will result in a
net charge on the particle directly proportional to the particle surface area.
It is the electrostatic attraction of this net charge to a ground plane below
the supporting substrate which comprises a substantial fraction of the
adhesion force of the particle.
Mastrangelo18
gives the electrostatic









F , = electrostatic attractive force acting on particle
el
e = dielectric constant of surface
q
= net charge on particle
t = dielectric thickness of surface
c
r = radius of particle
The weight force on the particle is simply
W = 4ki3/3 (4-H)
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For a nominal particle surface charge density, a, of 38.0
uG/m2
(typical
of the development process for this study). The net particle charge can be
calculated readily from the expression
q
= 4iz r2o. (4-12)
This net charge is assumed to act as a point charge coincident with the
centroid of the particle.
At this point, it is appropriate to discuss the existence of an additional
adhesion force that becomes significant for very small particles. This type
of force is commonly known as the van der Waals force. This force is a
result of dipole induced dipole interaction on a molecular level. The dipole
results from statistical fluctuations in the distribution of electons in an
atom. An atom possesses this dipole instantaneously and will tend to
induce a balancing dipole in a neighboring atom and the process is self
sustaining. Resulting forces of this type between particles or between a
particle and a substrate are independent of charge, and thus are additive to
any elecrostatic forces present. Published works on this force agree that
for electrophotographic toner material, van der Waals forces dominate for
particle sizes below 10 um, and are negligible for particle sizes above 25
pm. Since the agglomerate particles addressed in this study are generally
greater than 50pm, the effect of van der Waals forces will be ignored.
However, it is the presence of these forces in the particles comprising the
fine bed of toner material that maintain sufficient adhesion even in the
application of extreme air velocities
for the purpose of agglomerate particle
removal. For additional information
on these forces some excellent
references are
Mastrangelo18




for o and known values of 17 microns for t and 2.88
c
for e, the weight and electrostatic force are determined for a variety of
particle sizes and listed in Table IX.
TABLE IX
Calculated Components of the Adhesion Force for Charged Particles
D w ^ W/F^
(microns) (Newtons) (Newtons) (%)
50 5.1E-9 8.3E-8 6.2
100 4.1E-8 7.0E-7 5.9
500 5.1E-6 1.2E-4 4.4
In light of these tabulated results and in the interest of simplifying an
already complex analysis, the weight will be ignored in the analysis to
follow and only the electrostatic force contribution will be considered. A
free body analysis of the moments acting on the particle with respect to
the rolling axis (pt. O in Fig. 19) may now proceed. The net moment about
pt. O (clockwise positive) is given as
SM^F^-y+F^-L'
Fadh-L'. (4-13)
At the onset of incipient motion (i.e. when the agglomerate just begins
to rolD F becomes zero and therefore is
not considered in the above
'' base
moment equation.
The particle will begin to roll
when the net moment about the rolling
axis is positive (clockwise). The
moment ratio, rt , may be used as a
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convenient indicator for the onset of rolling motion. This is the ratio of the
fluid driving moment to the particle restoring moment driven by the
adhesion force and is expressed as
n = (Fdrag-y* +
Flift-L')/Fadh-L'
(4" 14)
Incipient motion is indicated for values of Tl > 1.0.
It is noted that the terms on the right hand side of equation (4-14) are
influenced primarily by the particle radius (r), the fluid velocity profile of
the nozzle gap u(y), the surface charge density (o) of the agglomerate
particle, the ratio Flift to Fd , and the agglomerate particle roughness (Rf).
In order to conveniently study the affects of each of these parameters on
the rolling moment, a computer program was developed to compute the
moment ratio on the particle using equation (4-14) (see appendix V). The
program numerically integrates the velocity profile of the nozzle gap over
the desired particle diameter to find Fd and
y*
using the method
developed in section 3.1. The lumped drag coefficient used in the program
is determined by direct calculation using equation (3-8). The velocity
profile of the nozzle gap is found by direct implementation of equation
(4-2). The lift force is determined based on the drag force result and an
assumed multiplier of 0.8 for the lift to drag ratio. The adhesion force is
computed based on the particle size and surface charge density using
equations (4-10) and (4-12).
L'
is calculated based on the particle size and
roughness factor, Rf using
equation (4-9). The program also assumes the
agglomerate particle is situated amidst a
monolayer of the smaller toner
particles of 10 pm diameter. The net
moment is then determined by the
program using the
above values in conjunction with equation 4-13 for a
range of particle sizes from 50 to
600 pm. In cases where the gap width of
the nozzle is less than 600 pm,
the maximum particle size range of the
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output graph is limited to the nozzle gap width since any particle larger
than this would jam in the gap and not be removed. This result is output
to a plotter resulting in a graphic display of moment ratio, tt vs. particle
diameter for a given set of input parameters. For each of the parameters
discussed above, a family of plots representing a range of a single
parameter around its nominal value was constructed on a common set of
axes to provide a clearer understanding of how that parameter singularly
influences the net moment acting on the particle. Figures 20 through 2 3
show these plots. For each plot, the nominal values of the parameters





Nominal surface charge density = 38
pCoulombs/m2
Nominal surface roughness factor = 0.2
Nominal Flift to Fd ratio
= 0.8
Where a parameter is varied, the representative values of the
parameter for each curve is labeled on the plot. It is important to note that
in actual application, several of the factors just reviewed, most noticeably
Rf and a, are not constant, but vary according
to some distribution curve
for the population of particles considered. Therefore, the model is limited
to predicting average
removal performance. In terms of the plots, particle
removal will occur for Tt > 1.0. It is helpful to think of the moment ratio
plot as being the center of a broad band
of moment values that are most
likely normally distributed about
the nominal curve shown. Thus for the
nominal curves showing small but
positive values of M at a given particle
size, there will be some
undetermined fraction of particles experiencing a
negative moment as well as
some experiencing a larger than nominal
positive moment.
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Fig. 20 shows the affect of the gap width on expected particle removal
performance. The nozzle can not remove any particle larger than its gap
width. Thus each curve extends out to the limiting particle size equal to
the gap. Further it is noted that as the gap size increases, the volumetric
flow rate of the nozzle also increases. This is automatically accounted for
in the computer model and incorporated into determining the velocity
profile. From Fig. 20, it is seen that as the nozzle gap width increases, the
range of particle sizes predicted as being sucessfully removeable is
likewise extended. However, two additional changes are also apparent.
The first change is that the magnitude of the moment ratio for a given
particle size is generally reduced. The second change is that as the gap
increases, there becomes a widening range of intermediate particle sizes
for which a moment ratio less than 1.0 (or unsuccessful removal) is
predicted. As the magnitude of the net particle moment shown on the
plots is reduced, so is the confidence of particle removal due to the variable
nature of the particle roughness and surface charge density. Thus we
determine that increasing the nozzle gap has the effect of increasing the
range of successfully removeable particle sizes but at a sacrifice of lower
confidence in particle removal and an increased region of unsuccessful
removal for intermediate size particles. The influence of the nozzle gap
will be addressed again, but now attention is focused on the affect of the
other parameters on the net particle moment.
Referring to Fig. 21, it is clear that surface charge density has a
significant affect on the moment ratio and that variability of this
parameter within a particle population
on the order of +/- 50% from
nominal could contribute appreciably to such bandwidths on the moment
ratio calculations for the larger particles. Recall that the nominal surface
charge density for the particles
in this study is 38 pC/m This is an
average value based on an
experimental measurements of a large
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population of individual particles. The actual distribution of this parameter
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Fig. 22 illustrates the effect of the lift factor, or ratio of F,.f to F. onlift drag
the predicted net moment for particle removal. Based on general findings
of the literature search that stressed the importance of the lift force and
cited ranges of the FHft to Fdrag ratio of 0.4 to 1.6, and supported by the
experimental results presented in this report, the nominal value for the lift
factor for the net moment analysis is selected as 0.8. The effect of a
deviation of this value from nominal is seen to be considerable. What this
value truly is and whether or not it varies from particle to particle is not
known at this time.
Since the origin of the agglomerate particles is not known and probably
multisourced, a wide range in the particle roughness can be expected. In
fact it is likely that some agglomerates will not even be classifiable as
spheres. However, to increase understanding of shape influences on
particle removal while lending applicability to reasonable modelling
techniques, the spherical assumption will be used along with a surface
roughness factor classification. The nominal surface roughness factor for
the net moment analysis was arbitrarily chosen as 0.2. As shown in Fig.
23, the effect of the roughness factor on the moment ratio calculated can
be quite significant. This further substantiates the importance of
emphasizing again that this moment ratio
approach predicts the removal
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Although some discussion of the intended nozzle application for this
study was presented in this section, recommendations for incipient motion
criteria for successful particle removal for this particular application will
be deferred to section 5. However, in keeping with the objectives of the
study, incipient motion criteria for a general nozzle application will be
discussed now. These criteria are determined by a combination of
parameters yielding acceptable values for predicted particle moment ratios
for the desired range of particle sizes to be removed. The level of
acceptability is determined by the degree of uncertainty asssociated with
the surface charge density, particle roughness and lift multipier for the
particular nozzle application as well as the required removal efficiency of
the nozzle. Also the degree of fluctuations occurring in the fluid boundary
layer flow should be considered. A general understanding as to the effect
of each of these parameters has been presented to aid in determining this
level of acceptability.
In summary, this section better defines the geometry of the
agglomerate particle on the supporting bed in terms of a particle roughness
factor and particle size. Further, the nature of the net adhesion force for
charged particles exceeding 50 pm in diameter was investigated and found
to be dominated by eletrostatic attraction to a degree that justifies ignoring
the weight component of the adhesion force. These two findings were
combined with the drag force calculation method developed in section 3.1
in a free body analysis of the agglomerate particle in a boundary layer
flow. This free body analysis was used to predict the ratio of the fluid
driving moment on the particle to
the net restoring moment of the
adhesion force. The computer program was employed to graphically
illustrate the effect of some of the important parameters
of the removal
process on this particle moment
ratio. The variable nature of many of
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these parameters was discussed and the generality of the net
moment
analysis presented was stressed. In addition, an approach for determining
incipient motion criteria for a general nozzle application, along with a
computer program to facilitate such a determination were presented in
accordance with the listed objectives of the study.
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4.3 Experimental Verification of the Appplied Theory
In section 4.2, a theory for determining the drag force on a sphere in
boundary layer flow was applied to an analysis for incipient motion criteria
of a vacuum nozzle device for particle removal. An experiment was
conducted to evaluate the accuracy of the resulting analysis. This
experiment involved determining the weight percentage removal for eight
size populations of sieve classified particles of a polyester base material for
two nozzle gap spacings at three volumetric airflow rates. Efforts to charge
these sieved particles prior to testing proved to be very difficult to control.
This would have severely confounded test results. Therefore, the particles
were tested in an uncharged state relying on the weight restoring moment
only. The particle roughness factor for the particles was not measured
directly but was estimated at 0.3 based on reported findings for similar
size sand grains as reported by Chepil7. Due to the degree of uncertainty
regarding this roughness factor for the test particles and the rather large
range of particle diameters for each seive class, only a general and
qualitative agreement between the test results and moment ratio
predictions by the model was sought. The sieve classification with regard
to particle diameter is given in Table X.
Note that in administering the experiment, there was found to be an
insufficient supply of class 7 particles and
therefore this class was omitted
from the test. The material in class 9 was a very fine powder. Monolayer
dispersal of this material was impossible to achieve. Also note that class 9
particles are in a size range where van der Waals forces dominate as
discussed in section 4.2. The results of the weight percentage removal data
for class 9 are included for reference only.
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TABLE X
Diameter Range of Sieve Classes
Class Diameter Range (um)
1 425 - 500









GENERAT , TEST PROCEDT IKF.
A schematic diagram of the experimental apparatus is provided in Fig.
24.
The procedure for the experiment involved dispersing a known weight of
each size class of particles onto a precision machined, non-magnetic
stainless steel disk 3.5 inches in diameter. Dispersal of the material was
achieved by gently shaking the particles loose from a heaping spoon held
about
10"
above the test disk. This disk snugly mated into a recessed
feature of a nozzle support plate so that the surfaces of both the disk and
the plate were flush. The roughness of each of these surfaces was less than
62 pinches The plate contained tracks on which the nozzle could be
mounted at a precise height above this flush surface. The height of these
tracks controlled the nozzle metering gap. The tracks were adjusted by
applying layers of shim stock under them. The nozzle device was
connected to a vacuum blower unit powered by a variac transformer. By
adjusting the transformer, the flow rate through the nozzle could be varied.
The flow rate for each nozzle configuration was calculated based on
centerline velocity measurements for the vacuum hose to the nozzle. The
air velocities were measured with a TSI model 1650 hot wire anemometer.
Having established the nozzle gap and flow rate, the test disk was cleaned
and placed on a Mettler model A 100 digital balance (accurate to 0.0001
grams). The balance was tared to zero for the clean disk and then
approximately 0.07 grams of a
given class material was deposited onto the
plate. The weight was then recorded on the data sheet and the disk (with
material) was seated onto the
test plate. After seating the disk into the
test plate, the nozzle was
passed over the disk at a constant velocity of 5
inches per second. After one nozzle pass, the disk was removed from the




weights of the material sample
were then compared to determine the
























material for that particular size class. The test was then repeated for each
particle size class for the current nozzle configuration. Testing was
conducted for a nozzle metering gap of 0.00071 m with flow rates varying
between 0.00167 m3/s and 0.00257 m3/s and also for a nozzle metering
gap of 0.00081 m for flow rates between 0.00167 m3/s and 0.00225 m3/s.
The first two test trials were replicated. The data obtained in these two
trials was within +. 5%. This was sufficient for the objective of the
experiment and therefore replication was discontinued for the remainder
of the test. The approximate starting weight for each material sample
was
0.06 to 0.08 grams.
88
EXPERTMF.NTAT RFSTTT TS
Table XI lists the weight percentage removal values by sieve class for
each nozzle configuration tested. Raw experimental data for each test is
provided in appendix II. Note that for class 9, whose results are included
for comparison only, the close range van der Waals forces dominate the
adhesion and thus the removal percentage drops sharply. Because these
particles are so fine (8 - 20 pm), they tended to disperse in small heaps
instead of a monolayer and thus a considerable percentage were removed.
Had they been dispersed in a monolayer, the removal percentage would
have approached zero.
For each nozzle configuration tested, the computer model was run for
the appropriate gap and flow values with the adhesion force calculated
based on the particle weight only. The output of the model was again a
plot of the moment ratio for a particle versus the particle diameter.
Additionally, the weight percentage results for each sieve class are plotted
versus the particle diameter. These two graphics are combined for each
test run of the experiment and shown in Figures 25 to 30. Recalling that
successful particle removal is expected for moment ratios greater than 1.0,
there is generally good correlation between the experimentally observed
weight percentage removal results and the moment ratio values predicted
by the model. Unfortunately, class 2 contained a
rather large size
distribution of particles ranging in diameter from 250 to 425 microns. The
range of diameters within this classification is assumed to be uniform, but
this is unsubstantiated. The large size range of class 2 extended from
regions of high removal probability to low
removal probability as predicted
by the model in some nozzle configurations,
thus compromising to a degree
the ability to correlate
the test results to the model predictions. However,
in spite of this shortcoming, there is
still noticeable correlation of the
respective data which will now be
discussed.
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Figures 25 through 28 illustrate the comparison between weight
percentage removal and predicted moment ratios for a 0.00071 m nozzle
gap at three different air flow rates. Note in Fig. 25, that for a flow rate of
0.00084 m3/s the predicted moment ratio falls below 1.0 for particle sizes
exceeding 425 microns. This is consistent with an observed drop in weight
percentage removal for class 1 particles for this test (i.e. 36.6%). The model
predicted moment ratios less than 1.0 for particle diameters above the
lower limit (425 microns) of class 1 particle sizes. That would suggest class
1 should have a weight percentage removal closer to 0.0. Further, for the
class 2 size range in Fig. 25, the moment ratio is greater than 1.0.
Observed weight removal percentage for class 2 was 68.0%. This at first
may seem contradictory to the model predictions. Recall, however, that the
entire particle population tested has a varying degree of surface roughness
that has been assumed as constant (0.3) in the model. Also, due to the
grinding nauture of the device used to make the particles, each size class
may have a different roughness character. Further, some of the particles
may deviate substantially from a general spherical shape. As discussed in
section 4.2, the moment ratio curve is intended as an average predictor for
successful particle removal and should be treated as the center of a
probability band whose width depends
on several factors. Thus, for Fig.
25 the observed weight percentage removal is supportive of the moment
ratio trend indicated by the model.
Fig. 26 shows the results for the same gap with a slightly higher flow
rate, and thus improved weight
percentage removal is to be expected. As
is seen, this is the case for class
2 particles, whose weight percentage
removal has increased from 68.0% to 85.9%. However, removal efficiency
for class 1 particles has dropped slightly from 36.6% to 29.4%. This is in
contradiction with the moment ratio
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FIGURE 25
WEIGHT PERCENTAGE REMOVALAND MOMENT RATIO CALCULATIONS
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GAP = 0.0071 m RATE = 0.00097 mA3/S
unity out to a particle size of 460 microns. This is not a very large drop
and is within the uncertainty of the accuracy of the model's predictions.
Referring to Figures 27 and 28, the removal efficiency for class 1
increases dramatically with an increase in flow rate, thus in agreement
with the moment ratio predictions.
Figures 29 and 30 are for a nozzle metering gap of 0.00081 meters at
flow rates of 0.00084 m3/s and 0.00113 m3/s respectively. They show
similar correlation between the predicted moment ratio and the observed
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FIGURE 30
WEIGHT PERCENTAGE REMOVAL AND
MOMENT RATIO CALCULATIONS
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- 0.00113 mA3/s
These experimental results support confidence in the general approach
of predicting successful particle removal based on a ratio of the net
fluid
driving moment to the net restoring moment. The selection of a lift to drag
force ratio of 0.8 also appears to be appropriate. The probability band
associated with the moment ratio curve has been stressed and must be




5. CONCLUSIONS AND RECOMMENDATIONS
In accordance with the objectives discussed in section 1.4, the following
conclusions are listed:
1.) Published literature on the incipient motion of particulate beds
subject to fluid flow have been reviewed. A commonly applied method was
found for estimating the drag force on a particle in such a bed. This method
is based on multiplying the fluid shear stress at the bed times by the
projected area of the particle on the bed, and the subsequent assumption
that this force acts at the center or at some arbitrary distance above the
center of the particle. This approach is questioned with regard to its
accuracy. Published findings discussing the presence and magnitude of a
lift force on such particles are presented. General agreement is noted
regarding the presence of lift forces which are related to the magnitude of
the drag forces.
2.) From the literature, documented observations of statistical variations
in the local boundary layer velocities are cited. Further, geometric
properties of the bed particles are identified and related to differences
between analytically predicted and experimentally observed incipient
motion criteria.
3.) A general method is developed and presented for providing a more
precise value for both the magnitude of the drag force as well as the
location of its application on spherical particles in a defined flow of known
velocity profile. It is
the intent of this method to improve the accuracy in
estimating the
magnitude and location of the drag force, and thus it is
hoped, facilitate a better
prediction of incipient motion criteria for bed
particles. A lift force that is a
prescribed fraction (0.8) of the calculated
drag force is included in
the presented method.
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4.) A wind tunnel experiment is conducted to evaluate the accuracy of
the method presented for estimating the magnitude and location and
location of the drag force on a sphere in boundary layer flow. This
experiment attempts to measure the lift as well as the drag forces on a
sphere in a boundary layer flow over a rough plate. The experiment yields
good agreement between measured and predicted drag forces. The
experimental measurements for the magnitude of the lift force yield
negative values. This is inconsistent with other reported findings and
contrary to expectations for a decreasing pressure gradient with increasing
fluid velocity toward the top of the sphere. Such disagreement is noted to
be due to experimental procedure involving sphere position during force
measurement and poor estimations as to the lift force acting on the thread
used to suspend the sphere. Reasonable correlation between the
experimental data and the predictions of the proposed method for
estimating the magnitude and location of the drag force on a sphere in
boundary layer flow is demonstrated.
5.) The drag force estimation method presented is extended to a general
situation of an applied nozzle for charged particle removal. Expressions
are developed to incorporate particle roughness, particle surface charge
density, lift to drag force ratio and boundary layer velocity profile
information into an analysis of the net moment experienced by the particle.
This net moment is transformed to a moment ratio by considering the ratio
between the fluid driving moments on the particle and the net restoring
moment on the particle due to the adhesion force. Sucessful particle
removal is predicted for moment ratios greater than 1.0. The approach is
embodied in an interactive computer program
that computes the moment
ratio for a particle size range and
displays the result graphically.
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6.) The computer program is run for parameters representative of the
proposed nozzle application of interest. Plots are created to supplement
discussion of the parametric sensitivity of the moment ratio to nozzle
metering gap, particle surface charge density, lift to drag force ratio and
particle roughness. The importance of considering the statistical nature of
these parameters, particle roughness and surface charge density in
particular, is stressed. It is noted that the variation inherently present in
these parameters requires that the moment ratio be considered as an
indicator for average particle removal, and that the actual value will
deviate above and below this value within a statistical limit controlled by
the range of variability of said parameters.
7.) An additional experiment is conducted with an actual nozzle device
to determine the accuracy of the moment ratio calculations for predicting
successful particle removal. The experiment compares predicted moment
ratio values to measured weight percentage particle removal
measurements for particle samples from eight different seive size
classifications. Due to difficulties encountered in controlling particle
surface charge density, the particles were tested uncharged. In light of the
noted statistical range about the predicted moment ratio, good correlation
is found between the test measurements and the predicted moment ratio.
Although the inaccuracies of the experimental methods were too large
for quantitative validation of the proposed method for predicting the
magnitude and location of the drag force on a spherical particle in a
boundary layer flow and the
calculation of the moment ratio values for
particle removal,
correlation was quite supportive of the qualitative
validity of the
methods presented. The actual nozzle employed in the
electrophotographic system was empirically
optimized by setting the nozzle
metering gap
to 0.000318 m. Referring to Fig. 20, this suggests that
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moment ratio values of 2.5 to 3.0 be achieved to produce acceptable
removal efficiency within the variation of particle roughness and surface
charge density levels inherent to that particular process.
It is recommended that the methods presented may be applied in a
general sense to aid in predicting particle removal performance for a
defined combination of associated parameters. Further, continuation of
wind tunnel testing using the rough plate with improved drag force
measuring techniques with a superior suspending thread of thin nylon or
steel wire could help establish improved confidence in the quantitative
accuracy of the method, and also contribute to the general consensus on the
ratio of the lift to the drag force. It would be interesting to extend the
moment ratio analysis to consider the statistical variability of the stated
parameters and generate a probability band output for the resulting
moment ratio. Also, experimental techniques for measuring weight
percentage removal for classified particles of known surface charge
densities should be developed and applied to add credence to this aspect of
the approach. The approach developed may also be applied to
non-spherical particles. An interesting application of this theory is the
potential capability to classify particles. Note in Figures 20 23 that the
moment ratio exceeds 1.0 for a given range of particle sizes. If better
accuracy is attainable for the probability
function of the moment ratio,
statistically controlled particle
size groups within this range could be
removed from an overall particle population.
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Experimental Results for theMeasurement
of the Location and Magnitude of the
Drag Force on a Spherical
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Experimental Results for the
Measurement of the Onset of
IncipientMotion of Charged Particles
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Closed-Form Solution for theMagnitude
and Location of the Drag Force for a 100%
Protruding Sphere in a Laminar Boundary
Layer Using a Lumped Drag Coefficient
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Program Listing for Section 3



























PURPOSE OF THE PROGRAM: TO CALCULATE THE MAGNITUDE AND LOCATION OF THE
FLUID DRAG FORCE ACTING ON A SPHERE POSITIONED ON A PLANE SUBJECT TO
BOUNDARY LAYER FLOW. THE DRAG FORCE ACTING ON AN ELEMENT OF THE SPHERE
ING PLANE TO DETERMINE THE EFFECTIVE MOMENT OF THE FORCE. THE TOTAL FORCE













DYNVISC- LOCAL FLUID DYNAMIC VISCOSITY
CDRAG- DRAG COEFFICIENT
DELIA- BOUNDARY LAYER THICKNESS
Y- VERTICAL DISTANCE ABOVE SUPPORTING PLANE
U- LOCAL FLUID VELOCITY
UINF- FREESTREAM FLUID VELOCIY
FDRAG- SUMMATION VARIABLE FOR TOTAL DRAG FORCE
MDRAG- SUMMATION VARIABLE FOR THE TOTAL DRAG MOMENT
TAREA- SUMMATION VARIABLE FOR THE TOTAL PARTICLE AREA
*********************************************************************
DISP "INPUT N,D,E, UINF,
DELTA"
INPUT N,D,E, UINF, DELTA
DIM FD ( 50 ) , MD ( 50 ) , AREA ( 50 )
V I SC=. 0000177
RHO= 1.225
DYNV I SC= . 0000 1 45
UP=UINF* (Y/ (2*DELTA) ) ''. 14286
REYNO=UP*RHO*D/V I SC
CDRAG=24/REYN0+4/REYN0 . 333
i ********* INTEGRATION SUBROUTINE USING SIMPSON'S RULE *************
FOR K=0 TO N
Y=K*(D-E)/N
U=UINF*(Y/DELTA) ' 14286
AREA(K)=2*ABS <<D/2>~2-ABS (Y+E-D/2) 2) -. 5






FOR K=l TO N-l STEP 2
FDRAG=FDRAG+4*FD (K)
MDRAG=MDRAG+4*MD (K)




= r> TH M CTFP *?
540 FDRAG=FDRAG+2*FD(K)
550 MDRAG=MDRAG+2*MD (K)
560 TAREA=TAREA+2*AREA ( K )
570 NEXT K
580 FDRAG=(FDRAG+FD(0)+FD(N) )*(D-E) / (N*3)
590 MDRAG= (MDRAG+MD (0) +MD (N) ) * (D-E) / (N*3)
600 TAREA=(TAREA+AREA(0)+AREA(N> )*(D-E) / (N*3)























































PURPOSE OF PROGRAM - TO DETERMINE THE RATIO OF THE FLUID DRIVING MOMENT
PERFORMED OVER THE HEIGHT OF THE PARTICLE TO DETERMINE THE NET DRAG
BOUNDARY LAYER FLOW. NUMERICAL INTEGRATION OF THE FLUID DRAG FORCE IS
PERFORMED OVER THE HEIGHT OF THE PARTICLE TO DETERMINE THE NET DRAG
MOMENT ON THE PARTICLE. THIS NET DRAG MOMENT IS NON-DIMENSIONALIZED BY
DIVIDING BY THE RESTORING MOMENT ACTING ON THE PARTICLE DUE TO CHARGE
AND WEIGHT FORCES. THE MOMENT RATIO IS DETERMINED FOR A RANGE OF PARTICLE
SIZES FUR FIVE VARIOUS METERING GAPS CONTROL I NG THE BOUNDARY LAYER FLOW.
***********************************************************************
DESCRIPTION OF VARIABLES, ARRAYS:
FD-
ELEMENTAL DRAG FORCE
MD- ELEMENTAL DRAG MOMENT
NETMOM- TOTAL MOMENT ACTING ON PARTICLE
DIAM- LOOP VARIABLE FOR PARTICLE DIAMETER































PARTICLE PROTRUSION BEOW BED
PARTICLE SURFACE ROUGHNESS FACTOR
PARTICLE REYNOLDS NUMBER
DRAG COEFFICIENT ON SPHERE
MULTIPLICATION CONSTANT TAKEN OUT OF INTEGRATION






POINT OF ACTION OF
MOMENT ARM OF LIFT
FOR TOTAL DRAG FORCE
FOR TOTAL DRAG MOMENT
FLUID DRAG FORCE
AND ADHESION FORCE
ADHESION FORCE (WEIGHT IGNORED, CHARGE ONLY)





DATA . 0000177,1. 205 , . 0008 1 , .
000635 , . 00 167,. 00378 , . 00004 , . 2
READ V I SC , RHO , GAPMI N ,





FOR J=D TO 4
H=GAPMIN+J*DELGAP/4
Q=QMIN+ (QMAX-OMIN) * (H-GAPMIN) /DELGAP
UAVG=0/ (.711*H)
pnc-



































































USING RIVKIND AND RISKIND **
D=EPST+JJ* (H-EPST) /10
DPRIME=D-EPST
U=6*UAVG*(D-EPST)*(.5-(D-EPST) / (3*H) ) /H
REYNO=RHO*U*D/VISC




************ INTEGRATION ROUTINE USING SIMPSON'S RULE *******--*--****
INTEGRATION ROUTINE
FOR 1=0 TO 10
Y=I*DPRIME/10







FOR 1=1 TO 9 STEP 2
FDRAG=FDRAG+4*FD ( I )
MDRAG=MDRAG+4*MD ( I )
NEXT I
FOR 1=2 TO 8 STEP 2
FDRAG=FDRA6+2*FD ( I )
MDRAG=MDRAG+2*MD ( I )
NEXT I
FDRAG=FDRAG+FD (0) +FD (10)
MDRAG=MDRAG+MD (O) +MD (10)
FDRAG=C0NSTK*FDRAG*D/30
MDRAG=C0NSTK*MDRAG*D/30




DS I ZE=D* 1 000000
R-D/2
FADH=512*R -4/ (R+. 00001 7 ) -'-2
FLIFT= ( . 4+J*. 2) *FDRAG
LPR IME= . 25*D* ( ( 1 +RF )










IF JO O THEN 1040
























FOR JJ=1 TO 10
PLOT D I AM ( J J ) * 1 000000 ,





















1 230 LABEL . "MOMENT RATIO"
1240 END
1 250 LINE TYPE 1
1 260 GOTO 1110
1270 LINE TYPE 4
1280 GOTO 1110
1290 LINE TYPE 6
1 300 GOTO 1110
1310 LINE TYPE 7
1320 GOTO 1110
1330 LINE TYPE 8
1340 GOTO 1110
1350 END
